Particle adsorption at liquid interfaces is found ubiquitously in nature.^[@ref1]^ The phenomenon is of considerable interest because it can be used to stabilize multiphase fluid mixtures and is important for various applications ranging from oil recovery to two-dimensional self-assembly.^[@ref1],[@ref2]^ For many of these applications, the size and surface chemistry (ligand) of adsorbed particles are of key importance. If the two hemispheres of a particle surface are decorated with hydrophilic and hydrophobic ligands, *i*.*e*., in the form of Janus particles, adsorption at a water/oil interface allows both regions to be in contact with their preferred phases.^[@ref3]−[@ref5]^ As a result, the adsorption of Janus particles is expected to be significantly stronger than that of particles with a chemically homogeneous surface, as predicted by theory^[@ref6]^ and corroborated by experiments and simulations.^[@ref7]−[@ref13]^

Many applications rely not only on the ability of particles to adsorb on an interface but also on their interfacial mobility after adsorption, which, however, often exhibits anomalies and is not yet fully understood. For example, it was shown that such particles took untenably long to reach equilibrium after adsorption to a liquid interface.^[@ref14],[@ref15]^ Furthermore, the translational and rotational diffusions of adsorbed particles were often found to be slower than the predictions of the Stokes--Einstein relation and hydrodynamic theories,^[@ref16]−[@ref25]^ whereas the underlying mechanisms were not captured by the simulations.^[@ref26],[@ref27]^ Some reasons for the slow diffusion of micron-sized particles have been suggested such as the ubiquitous surface "defects" that induce multiple metastable pinning of the three-phase contact line,^[@ref28]−[@ref30]^ producing an extra reverse random force to slow diffusion.^[@ref19]^ However, according to the Young--Laplace equation, contact line deformation should be vanishingly small when the particle size is ∼10 nm.^[@ref31]^ Therefore, whether the contact line deformation mechanism works for nanoparticles remains unknown. This scenario may be even more complicated for amphiphilic Janus nanoparticles (JNPs) because the boundary between the chemically distinct regions is expected to be an intrinsic defect, supposedly causing strong pinning. Thus, precise experimental data directly comparing the interfacial diffusion of small amphiphilic JNPs to that of homogeneous nanoparticles (HNPs) of similar sizes are needed in order to properly understand the underlying physical phenomena.

In this work, we studied the diffusion of small (∼10 nm) JNPs and HNPs at water/alkane interfaces as a function of the viscosity of the aqueous and the alkane phases. We found that the two-dimensional diffusion of JNPs at water/oil interfaces was slower compared to that of HNPs and to the predictions of a modified Stokes--Einstein equation using the friction coefficient of spherical particles. We performed dissipative particle dynamic simulation to explore the mechanisms of interfacial slowdown and found out that it can be attributed to the orientation of ligands on a nanoparticle surface.

Results and Discussion {#sec2}
======================

Enabling the Quantification of the Individual JNPs' Diffusion at a Water/Oil Interface {#sec2.1}
--------------------------------------------------------------------------------------

The JNPs were synthesized through a method combining "solid-state grafting-to" and "grafting-from" using CdSe quantum dots with a mean radius of about 3.6 nm as seeds.^[@ref32]^ Thiol-terminated poly(ethylene glycol) (PEG, molecular weight \[*M*~w~\] 5 kg/mol) single crystals were used as a solid substrate that was able to adsorb the native quantum dots. The side that had contact with the substrate was grafted with PEG *via* the ligand exchange reaction to irreversibly displace the native oleate ligands on the quantum dot surface. The oleate ligands on the other side were exchanged with 1-dodecanethiol. After dissolving the single-crystal substrates, JNPs were obtained. HNPs were prepared by functionalizing the same quantum dots with thiol-terminated PEG on the entire surface. Because JNPs can be dispersed only in dichloromethane, we determined the hydrodynamic radius (*R*~H~) by measuring diffusion in a dilute dichloromethane dispersion; the resulting *R*~H~'s of JNPs and HNPs are 5.0 and 6.4 nm, respectively, as shown in [Figure S6 in the Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03291/suppl_file/nn0c03291_si_001.pdf).

JNPs dissolve neither in an aqueous medium nor in alkane. Therefore, we cannot disperse them into one phase and wait for them to adsorb to the interface spontaneously. In order to circumvent this difficulty, a small amount (about 4--10 μL) of JNPs' dichloromethane dispersion at a concentration of 10^--10^ M was gently placed upon a water surface using an Eppendorf adjustable-volume (0.5--10 μL) pipet. Although the density of dichloromethane (1.33 g/cm^3^ at 25 °C) is greater than that of water (1.00 g/cm^3^ at 25 °C), the dichloromethane would spread at the water/air interface provided that the volume is sufficiently small because of the high interfacial tension between water and air (71.99 mN/m at 25 °C). The dichloromethane solvent was allowed to evaporate for typically 15 s. Afterward, the alkane phase was added carefully on top of the water surface. The resulting surface coverage of the NPs was around 1--2 μm^2^ per particle.

Although a large number of experimental techniques can be used to study translational diffusion, very few can measure precisely the interfacial diffusion with a high spatial/temporal resolution. Here we chose fluorescence correlation spectroscopy (FCS) that is very well suited for such a task.^[@ref33]−[@ref35]^ This is because the concept of FCS is based on monitoring the fluorescence fluctuations originating from fluorescent species diffusing in and out of a very small (\<1 μm^3^) confocal volume ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). In a representative experiment, the confocal volume was first scanned across the water/alkane interface with adsorbed nanoparticles to find its precise location at the position of the maximum detected fluorescence ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). The confocal volume was then positioned at the interface, and the fluctuations in detected fluorescence intensity *F*(*t*) caused by the lateral diffusion of the nanoparticles were measured and used to compute an experimental autocorrelation function, *G*(τ) = 1 + ⟨δF(*t*) δ*F*(*t + τ*)⟩*/*⟨*F*(*t*)⟩^2^ where δ*F*(*t*) = *F*(*t*) -- ⟨*F*(*t*)⟩. Representative autocorrelation functions of JNPs and HNPs at a water/decane interface are illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d. Finally, the experimental autocorrelation function was fitted with the analytical equation^[@ref36],[@ref37]^to obtain the average number of diffusing species *N* and their mean diffusion time (τ~D~), which is directly related to the two-dimensional diffusion coefficient *via D*~exp,\|\|~ = *r*~0~*^2^*/4τ~D~, where *r*~0~ is the radial dimension of the confocal volume. Here *r*~0~ = 220 nm is the lateral dimension of the confocal detection volume. This value was obtained by measuring the diffusion time of rhodamine 6G molecules with a known hydrodynamic radius in a dilute aqueous solution.

![(a) Schematic representation of ligand-grafted JNPs at a water/oil interface. The yellow sphere and green and blue strings denote the quantum dot core, 1-dodecanethiol, and PEG, respectively. (b) Schematic representation of the FCS experiments at the water/oil interface. (c) Fluorescence intensity scan through the water/decane interface with adsorbed JNPs. (d) Representative autocorrelation curves (symbols) and their fits with [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} (solid lines) for JNPs (black squares) and HNPs (red circles) at water/decane interfaces. *D*~exp*,\|\|*~*versus* viscosity of the (e) alkane and (f) aqueous phases at interfaces with adsorbed JNPs (circles) and HNPs (squares). The viscosity of the aqueous phase was controlled by mixing water with glycerol.](nn0c03291_0001){#fig1}

Interfacial Diffusion Measured by FCS {#sec2.2}
-------------------------------------

For a spherical particle straddling a liquid--liquid interface, the viscous drag can be approximated according to the particle's cross-sectional area immersed by the respective fluid phases using a generalized Stokes--Einstein relation:^[@ref38],[@ref39]^*D*~SE,\|\|~ = 2π*k*~b~*T*/(6π*R*~H~(2πη~w~ + (η~a~ -- η~w~)(2Θ -- sin 2Θ))). Here, *D*~SE,\|\|~ is the theoretical diffusion coefficient; Θ, η~w~, and η~a~, are the contact angle and the viscosities of the aqueous and alkane phases, respectively. It is difficult to determine Θ of nanoparticles.^[@ref29],[@ref30],[@ref40],[@ref41]^ Therefore, we first measured the diffusion at a water/decane interface because the viscosities of water (1 cP) and decane (0.92 cP) at 20 °C are almost identical. In this scenario, the diffusion coefficient does not depend on Θ and can be approximated using the classic Stokes--Einstein form *D*~SE,\|\|~ ≈ *k*~b~*T/*6π*R*~H~η~w~. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d shows representative autocorrelation curves (ACCs) and their fits for diffusion of JNPs and HNPs at a water/decane interface. We found a noticeably higher average diffusion time through the FCS observation volume for JNPs than for HNPs, indicating that the Janus character plays a role in interfacial diffusion. Furthermore, the experimental values of the diffusion coefficient, *D*~exp~*,*~\|\|~, calculated from the diffusion times of both nanoparticles were much smaller than *D*~SE,\|\|~: *D*~exp,\|\|~/*D*~SE,\|\|~ ≈ 0.35 for JNPs and *D*~exp,\|\|~/*D*~SE,\|\|~ ≈ 0.77 for HNPs.

We further measured *D*~exp,\|\|~ of both nanoparticles *versus* the viscosities of the aqueous and alkane phases ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e,f). We found that the interfacial diffusion coefficient decreases with increasing the viscosity of both aqueous and alkane phases, indicating that the particles are partially immersed in both phases. It is noteworthy that the interfacial diffusion of JNPs is slower than that of HNPs at all conditions.

It is important to consider and exclude potential fallibilities that could affect the accuracy of the experimental results. For example, the presence of nanoparticle aggregates, which are larger than individual nanoparticles, could lead to a longer diffusion time. This possibility was excluded because aggregates are easily recognized in FCS experiments as anomalously bright spikes in the intensity---time trace. Another possible source of error could be desorption from the interface^[@ref42]−[@ref44]^ because the FCS technique relies on detection of diffusion into and out of a confocal volume shaped like an erect ellipse ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). Under such circumstances, desorbed NPs could potentially take longer than the laterally diffusing ones to exit the confocal volume, producing a false appearance of slow diffusion. Although we cannot exclude this possibility for HNPs, this scenario is not possible for JNPs that are not dispersible either in water or in alkanes. Finally, we have ruled out the possibility of contamination as a source of the slowdown, because the addition of several types of surfactants, including sodium dodecyl sulfate, cetrimonium bromide, and tetraethylene glycol monooctyl ether (C~8~E~4~), at a concentration of 10^--5^ M in the aqueous solution did not cause a decrease in *D*~exp*,*\|\|~ within the experimental uncertainty. Thus, after a series of control experiments, we concluded that the experimentally observed slowdown in the interfacial diffusion is not originated from artifacts.

Stepwise Analysis toward the Mechanism of Interfacial Slowdown by Using the Dissipative Particle Dynamics (DPD) Simulation {#sec2.3}
--------------------------------------------------------------------------------------------------------------------------

Next, we attempt to interpret the observed diffusional slowdown of the studied nanoparticles at water/oil interfaces. We note two pioneering theories that describe well the interfacial diffusion slowdown for homogeneous microparticles. One of these theories considers the hydrodynamic interactions,^[@ref39],[@ref45]−[@ref51]^ and the other takes the contact line fluctuation into account.^[@ref19],[@ref21]^ However, because of the JNPs' surface heterogeneity, it is difficult to analytically describe the interfacial diffusion of JNPs. To overcome this difficulty, the DPD simulation^[@ref52]^ was selected, after screening many other simulation methods, because of its suitability to involve the hydrodynamic interaction, relatively low computational loading, and our ability to enable the large-scale parallel computing for this method.^[@ref52]^ These advantages allowed us to rapidly test the diffusion of a series of simulated model nanoparticles at an interface between immiscible liquids, to explore the dominant mechanism in the interfacial diffusion of JNPs, and to understand why it is even slower than that of HNPs.

The DPD simulations were carried out in NVT ensembles. The simulation time of a single trajectory is typically 10^7^τ, with a time step Δ*t* = 0.02τ where τ = 6.9 ps. The simulation method is described in the [Methods](#sec4){ref-type="other"} section. A full version is given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03291/suppl_file/nn0c03291_si_001.pdf). The simulation setting was calibrated by measuring the diffusion of a smooth nanoparticle in bulk media. This simulated result is consistent with the prediction of the Stokes--Einstein equation, justifying the fitness of the simulation parameters.

We examined a series of simulated model nanoparticles to make a stepwise determination in exploring the key factor that is responsible for the measured phenomena. The diameters of the rigid core of all simulated nanoparticles were set to be 5 (corresponding to 5 nm in real units). For these simulated model nanoparticles, we calculated the ensemble-averaged translational diffusion coefficient either in dilute dispersion (*D*~DPD,bulk~) or at interfaces (*D*~DPD,\|\|~) *via D*~DPD~ = MSD/4Δ*t*, where MSD denotes the mean squared displacement.

We used a single-site model to produce a smooth nanoparticle by expanding a DPD bead. The size was tuned by a parameter *d*; herein, *d* = 1 for solvent bead and *d* = 5 for the expanded nanoparticle. DPD forces have three terms, namely, the conservative force, random force, and dissipative force, respectively, as explained in the [Methods](#sec4){ref-type="other"} section. The conservative force formula for the smooth nanoparticle system is rewritten aswhere α is an additional parameter and Δ = *d*~*i*~ + *d*~*j*~ -- 1 represents the size of two beads with diameter *d*~i~ and *d*~j~, respectively. Other parameters are explained in the [Methods](#sec4){ref-type="other"} section. For two solvent beads with *d*~*i*~ = *d*~*i*~ = 1, Δ = 0; the conservative force returns to normal expression.

We simulated the diffusion of a smooth NP at a liquid/liquid interface and compared it to bulk diffusion, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. The purpose of studying a smooth NP is to eliminate the effect of contact line pinning. The resulting *D*~DPD,\|\|~/*D*~DPD,bulk~ is equal to 0.94; this result is irrespective of the surface chemistry. We hypothesized that the small difference is caused by hydrodynamic interaction. To quantify this effect, we placed a smooth nanoparticle in a position close to the liquid/liquid interface and quantified the distance-dependent diffusion coefficient to the interface. We found a gradual decrease in *D*~DPD,\|\|~ as a function of proximity to the interface ([Figure S4 in the Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03291/suppl_file/nn0c03291_si_001.pdf)); the diffusion coefficient in a position close to the interface is comparable to *D*~DPD,\|\|~, which is consistent with a scenario of hydrodynamic coupling between a spherical particle and a planar liquid/liquid interface.^[@ref50]^ The hydrodynamic coupling may play a role in interface diffusion of HNPs, but cannot interpret the diffusional behavior of JNPs.

![Snapshots of (a) a smooth nanoparticle, (b) a homogeneous nanoparticle that has a rough surface, (c) a Janus nanoparticle that has a rough surface. Mean squared displacement (MSD) of (d) a smooth nanoparticle, (e) a homogeneous nanoparticle that has a rough surface, (f) a Janus nanoparticle that has a rough surface in bulk dispersion and at an interface.](nn0c03291_0002){#fig2}

We further explored the effect of contact line pinning on the diffusion. The adsorption of nanoparticles at a liquid/liquid interface may cause local interfacial deformation at the triple line. Such deformation may be associated with the interfacial capillary waves, particle wettability, and particle size/weight.^[@ref19],[@ref53]^ The wetting-driven interfacial deformations may drive the system to deviate from equilibrium. Thus far, the scenario involving contact line pinning of JNPs and its possible influence on the diffusion remain elusive. Thus, we exploit the DPD simulation to explore this effect in detail with appropriate nanoparticle models. Because the contact line pinning can be induced by surface defects,^[@ref54]^ we constructed an HNP ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) and a JNP ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c) that have a rough surface by stacking a bundle of DPD beads into a sphere. The integration of the sphere for motion and rotation is achieved by a rigid body method. If the DPD beads of different hemispheres were assigned to different values of α~*ij*~ (the parameter to determine the magnitude of the repulsive force between particles *i* and *j*), a JNP takes shape, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c. If α~*ij*~ of all DPD beads of the sphere is identical, the sphere is an HNP ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). The presence of topographic caves could act as a free energy metastable minimum to transiently lock the three-phase contact line.^[@ref27]^ Using such nanoparticle models, we successfully observed contact line pinning in a simulation run ([Figure S5 in the Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03291/suppl_file/nn0c03291_si_001.pdf)), but this phenomenon did not cause a noticeable decrease in the diffusion coefficient. The resulting *D*~DPD,\|\|~/*D*~DPD,bulk~ of JNPs and HNPs was 0.91 and 0.92, as fit by the MSD data shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e. These results are consistent with recent simulation results,^[@ref27]^ indicating that contact line fluctuation is likely not the key mechanism for the slowing down of JNPs at interfaces.

The failure of the aforementioned two models signified that these models overlooked a key feature causing an anomalous increase of the drag coefficient. Previous studies showed that the flexible polymer ligands grafted on a nanoparticle can control the nanoparticles' properties at a water/oil interface.^[@ref43],[@ref55]−[@ref62]^ Inspired by these studies, we hypothesized that PEG deformation and reorientation on a JNP make the effective radius at an interface larger than the nominal one measured in bulk diffusion. Comparatively, PEG ligands on an HNP were expected to rearrange asymmetrically, because PEG collapses in oil.^[@ref57]^ To test this hypothesis, we designed ligand-grafted model JNPs and HNPs. A group of DPD beads, denoted as type *G*, was stacked to form a sphere. A rigid body method was used to make the sphere a rigid object. We modeled the grafted PEG by a hybrid scheme involving two types of DPD beads, denoted as *A* and *B*, respectively. The group *B*, comprising three carbon and two oxygen atoms, is more hydrophilic than group *A*, which included four carbon atoms and one oxygen heavy atom (see [Figure S1 in the Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03291/suppl_file/nn0c03291_si_001.pdf) for details). A 5 kg/mol PEG chain was modeled as a hybrid bead string that consisted of 42 beads: 28 *A* and 14 *B*. The 1-dodecane was modeled as a string of three *A* beads. To model a ligand-grafted Janus nanoparticle, 60 PEG chains were grafted on one hemisphere and 60 1-dodecane chains on the other. To model a ligand-grafted homogeneous nanoparticle, 120 PEG chains were grafted uniformly on the nanoparticle surface. The beads were connected *via* harmonic springs that are described in the [Methods](#sec4){ref-type="other"} section with *k* = 4.0 and *r*~0~ = 0. The core of a ligand-grafted nanoparticle consisted of 192 beads to make the nanoparticle density comparable to that of the solvent matrix. The cutoff distance *r*~c~ is 1. The pairwise conserve force parameters α are given in [Table S2 in the Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03291/suppl_file/nn0c03291_si_001.pdf).

Using this model, the simulation showed collapse of the PEG chain on the JNP and HNP surface in bulk solution ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,c), mimicking the behavior of PEG in dichloromethane. After a JNP was adsorbed at a liquid/liquid interface, most of the PEG ligands were swollen and oriented parallel to the interface, and only a few remained in the bulk phase ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). This is further demonstrated in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03291/suppl_file/nn0c03291_si_001.pdf), which shows the one-dimensional radial density profile of a JNP in simulated bulk "water" and at a liquid/liquid interface. We found that the density profile in bulk water decays more rapidly than that at an interface, corroborating polymer swelling when a ligand-grafted JNP was adsorbed at a liquid/liquid interface. Next, we quantified the normalized one-dimensional PEG density profiles in the *x*- and *z*-directions and two-dimensional PEG density mapping of an adsorbed JNP and HNP at a liquid/liquid interface, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e--h. The mapping of the adsorbed JNP and HNP was taken along the transversal section of the Janus boundary and the three-phase contact line, respectively.

![Snapshot of a ligand-grafted JNP (a) in bulk and (b) at an interface. Snapshot of a ligand-grafted HNP (c) in bulk and (d) at an interface. A coordinate near panel (b) denotes the *x*- and *z*-directions. Normalized one-dimensional PEG density profiles of adsorbed HNP and JNP at a liquid/liquid interface in (e) *x*- and (f) *z*-directions. Two-dimensional PEG density mapping of (g) adsorbed HNP and (h) JNP at a liquid/liquid interface. The mapping of the adsorbed JNP and HNP was taken along the transversal section of the Janus boundary and the three-phase contact line, respectively. (i) Mean squared displacement of JNPs and HNPs in bulk dispersion and at an interface.](nn0c03291_0003){#fig3}

We begin with the analysis of the one-dimensional PEG density profiles. For a JNP, the density profile in the *z*-direction is nearly symmetric and decays rapidly with the distance from the interface, indicating that most of PEG chains are enriched at the interfacial boundary. However, for HNPs, the density profile in the *z*-direction is asymmetric; it decays much more slowly than that found for JNPs in the simulated "water" phase, indicating that many PEG chains were still dispersed in the bulk "water" phase. The interfacial enrichment of grafted PEG on a JNP's surface relative to an HNP's surface ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d) causes a slower decay of the PEG density profile in the *x*-direction ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e) and a more extended interfacial occupation ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}g,h). The enrichment may be attributed to the decreased steric interaction at the Janus boundary because only short ligands were grafted onto the other half of the particle.

Next, we calculated the MSDs and the diffusion coefficients of JNPs and HNPs in bulk dispersion and at an interface as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}i. The resulting *D*~DPD,\|\|~/*D*~DPD,bulk~ ≈ 0.72 for HNPs and *D*~DPD,\|\|~/*D*~DPD,bulk~ ≈ 0.35 for JNPs were in good agreement with the experimental FCS observations.

Taken together, these results confirm the hypothesis that PEG deformation and reorientation on the nanoparticles is the reason for the slower interfacial diffusion. Indeed, we found that on the HNP surface the PEG ligands are swollen only near the interface. The deformation of PEG ligands makes the nanoparticle adopt a stretched oblate shape, consistent with previous simulation results involving ligand-grafted and hydrogel-made nanoparticles at liquid/liquid interfaces.^[@ref63]−[@ref65]^ This causes overall a small increase in the effective radius (decrease in the diffusion coefficient) when an HNP moves from bulk to an interface. On other hand, for a JNP all surface ligands are swollen when it is adsorbed at an interface, resulting in a noticeable increase in the effective radius and thus slower interfacial diffusion.

To highlight further the significance of polymer conformation, we studied the effect of the relative sizes of the hard-core and the soft ligands on the interfacial diffusion. In doing so, we took ligand-grafted model JNPs as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b; the length of hydrophobic ligands is deliberately set to be the same as that of PEG ligands on the other hemisphere. Using these model nanoparticles, we performed DPD simulation and calculated the *D*~DPD,\|\|/~*D*~DPD,bulk~ of JNPs and HNPs as a function of the PEG length. Due to the limitation of computational capability, the longest length of grafted PEG that we simulated was 15 kg/mol. We found that *D*~DPD,\|\|/~*D*~DPD,bulk~ of both JNPs and HNPs decreases monotonously with increasing the PEG length ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03291/suppl_file/nn0c03291_si_001.pdf)). Notability, values of *D*~DPD,\|\|/~*D*~DPD,bulk~ of JNPs are much smaller than that of HNPs over the studied range of PEG length. These results confirm that the surface ligands play a dominant role in the interfacial diffusion.

Variation of the Interfacial Tension Influences the Interfacial Diffusion {#sec2.4}
-------------------------------------------------------------------------

Despite having achieved excellent simulation--experiment consistency by taking the ligand flexibility into account, we sought to confirm that this model correctly captured the underlying mechanism rather than a phenomenological coincidence. The deformation of the polymer shell around the inorganic core of a nanoparticle is expected to be stronger at a water/oil interface of higher interfacial tension. This is because, at such an interface, the energy gain of extending the polymer chains is greater since more surface area can be covered.^[@ref6]^ Therefore, decreasing the interfacial tension is expected to result in faster diffusion of ligand-grafted nanoparticles. This simple argument was confirmed by both experiments and simulations.

We first studied whether the interfacial tension can influence the surface activity of polymeric ligands by comparing the adsorption isotherm at water/octane and water/toluene interfaces, respectively. The viscosities of octane (0.54 cP) and toluene (0.59 cP) at 20 °C are comparable, but the interfacial tension of a water/octane interface (52 mN/m) far exceeds that of a water/toluene interface (36 mN/m). Therefore, we can isolate the effect of interfacial tension by directly comparing the behavior at these two interfaces. The surface excess Γ of the adsorbed component (PEG) can be calculated using the Gibbs equation:Here, *R*, *T*, *a*, and γ are the molar gas constant, temperature, interfacial activity, and interfacial tension, respectively. [Equation [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} shows that Γ is closely associated with ∂γ/∂*a* that is determined by the surface activity of individual adsorbents and the number of adsorbents in the dilute limit. As a rough approximation, we can replace the activity *a* with the surface concentration *c* with ∂γ/∂*a* ≈ Δγ/Δ*c.* Therefore, to describe Γ of individual adsorbents, one could measure the gradient of the adsorption isotherm for *c* → 0.

[Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03291/suppl_file/nn0c03291_si_001.pdf) shows experimental data of equilibrated interfacial tension *versus* the bulk PEG concentration for *c* → 0 at different interfaces. PEG can indeed lower the interfacial tension more efficiently at a water/octane interface than at a water/toluene interface. Applying a linear fit to the γ*--c* data, we found that values of Δγ/Δ*c* are equal to 1.3 × 10^7^ and 4.3 × 10^6^ Nm^--1^ M^--1^ at water/octane and water/toluene interfaces, respectively. As expected, the value of Δγ/Δ*c* obtained in the dilute limit is greater at a water/octane interface than at a water/toluene, evidently indicating that the interfacial tension could influence the surface excess of individual PEG chains. On one hand, these measurements verified that varying the interfacial tension can cause a change in the PEG conformation; on the other hand, the γ-dependent polymer conformational change can provide a means to examine whether the concept of polymer deformation is responsible for the interfacial slowdown.

Next, we performed FCS experiments to compare the diffusion of JNPs at water/octane and water/toluene interfaces. We found that the variation of interfacial tension did influence diffusion. ACCs at a water/toluene interface decay more rapidly than at a water/octane interface, reflecting an increase of *D*~\|\|~ from 2.3 × 10^--11^ to 3.6 × 10^--11^ m^2^/s ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). The DPD simulation showed a similar trend with decreasing the interfacial tension ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). Taken together, these observations further indicated that polymer conformational change plays a dominant role in changing the *D*~\|\|~ of JNPs.

![(a) Representative autocorrelation curves and their corresponding fits with [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} (solid lines) for JNPs at water/toluene (black squares) and water/octane (red circles) interfaces. (b) Simulated mean squared displacement *versus* lag time τ for ligand-grafted JNPs at interfaces with varying α~OW~ (proportional to interfacial tension).](nn0c03291_0004){#fig4}

Conclusions {#sec3}
===========

In summary, we used fluorescence correlation spectroscopy to measure and directly compare the translational diffusion of ligand-grafted JNPs and HNPs at water/oil interfaces. We found that the Janus character, originating from ligand asymmetry, can influence interfacial diffusion. *D*~\|\|~ of JNPs was smaller than *D*~\|\|~ of HNPs. Stepwise analysis using the DPD simulation revealed that these phenomena can be understood in the framework of normal Brownian motion. The polymeric ligands on a nanoparticle surface were deformed and oriented so that they occupy more surface area than the rigid particle, resulting in a larger effective radius than the nominal *R*~H~ obtained by measuring the diffusion in bulk solution. These results indicate that the Janus ligand arrangement not only strengthens adhesion to the interface as found previously but also affects interfacial diffusion.

Methods {#sec4}
=======

Janus and Homogeneous Nanoparticles {#sec4.1}
-----------------------------------

Thiol-terminated PEG, with a mean molecular weight of 5 kg/mol, was crystallized into lamellar single crystals that were able to adsorb native quantum dots. The side that had contact with the single crystals was grafted with PEG *via* the ligand exchange reaction. Next, 1-dodecanethiol was added to replace the oleate ligands on the quantum dots' surface that was not covered by the PEG. The surface of a resulting Janus nanoparticle was, therefore, compartmentalized by two portions that had ligands of opposite wettabilities. For comparison, chemically homogeneous nanoparticles were prepared by functionalizing quantum dots with thiol-terminated PEG on the whole surface *via* the ligand exchange reaction.

Sample Preparation for the FCS Studies {#sec4.2}
--------------------------------------

The source and purification of water and alkane are described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03291/suppl_file/nn0c03291_si_001.pdf). The water/*n*-alkane interfaces were prepared in an Attofluor cell chamber (Invitrogen, Leiden, Netherlands) equipped with a 150 μm thick microscope cover glass slide as the bottom. An aluminum foil O-ring with an inner diameter of 0.5 cm and a thickness of approximately 0.3 mm was glued on the glass slide to restrict the sample volume for the aqueous phase. To prepare a water/*n*-alkane interface suspended with nanoparticles, a defined amount of water was added into the cell. Then we added a nanoparticle dichloromethane solution on top of the aqueous solution. The dichloromethane was allowed to evaporate for typically 15 s. Finally, alkane was added carefully on top of the water surface. The resulting surface coverage of tracer nanoparticles was around 1--2 μm^2^ per particle.

Fluorescence Correlation Spectroscopy {#sec4.3}
-------------------------------------

FCS measurements were conducted on a commercial setup comprising the module ConfoCor2 and an Axiovert 200 inverted microscope. The fluorescent particles were excited by an Ar laser (488 nm) focused by a water immersion microscope objective (C-Apochromat 40×, NA 1.2, Carl Zeiss, Germany). The fluorescent light was collected by the same objective, passed a LP530 long-pass emission filter and a confocal pinhole, and was finally directed to an avalanche photodiode detector that enabled single-photon counting. This arrangement resulted in the formation of a confocal detection volume *V*~d~ around the laser focus. The detection volume has a 3D Gaussian shape and typical dimensions of ∼200--250 nm in the radial direction and 1--1.5 μm in the axial direction. Only the fluorescence originating from species within *V*~d~ can be delivered to and detected by the avalanche photodiode detector.

For each measurement, more than 20 independent autocorrelation curves were recorded on different days. The experiments were repeated at least three times on different days with freshly prepared samples, and the experimental uncertainty was less than 10%.

Description of the DPD Method {#sec4.4}
-----------------------------

We employed a computational DPD method to investigate the diffusion of nanoparticles. The DPD method was proven to be an effective mesoscopic simulation tool to study events occurring on millisecond time scales and micrometer length scales *via* tracking the motion of coarse-grained particles (composed of a group of atoms or molecules). The fundamental equation in the DPD method is the Newton's equation of motion. For a particle *i*, each DPD bead is subjected to three types of forces described as follows:where *F⃗*~*ij*~^*C*^, *F⃗*~*ij*~^*R*^, and *F⃗*~*ij*~^*D*^ are the conservative force, the pairwise random force, and the dissipative force, respectively. The force acting on a particle is summed over all interbead forces between particles *i* and *j*. The conservative force is weakly repulsive and given bywhere *r*~*ij*~ is the distance between particles *i* and *j*, *r*~*ij*~ = \|*r⃗*~*ij*~\| = \|*r⃗*~*i*~ -- *r⃗*~*j*~\|, *e⃗*~*ij*~ = *r⃗*~*ij*~/*r*~*ij*~. Here, α~*ij*~ is a parameter to determine the magnitude of the repulsive force between particles *i* and *j*, and *r*~c~ is the cutoff distance. Random force (*F⃗*~*ij*~^R^) and dissipative force (*F⃗*~*ij*~^D^) are given bywhere *v⃗*~*ij*~ = *v⃗*~*i*~ -- *v⃗*~*j*~, σ is the noise parameter, γ is the friction parameter, and ζ~*ij*~ is the random number based on the Gaussian distribution. Here ω^R^ and ω^D^ are *r*~*ij*~-dependent weight functions, which are given by

The temperature is controlled by a combination of dissipative and random forces. The noise parameter σ and friction parameter γ are connected to each other by the fluctuation--dissipation theorem in the following equation:where *T* is the temperature and *k*~B~ is the Boltzmann constant.

The spring force (*F⃗*~*ij*~^S^) between two bonded particles was given bywhere *k* is the spring constant and *r*~0~ is the equilibrium bond distance.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsnano.0c03291](https://pubs.acs.org/doi/10.1021/acsnano.0c03291?goto=supporting-info).Additional material information, procedure to rule out the effect of contamination; details of dissipative particle dynamics simulations; effect of interfacial tension on interfacial diffusion; spatial-dependent diffusion coefficient as a function of proximity to the liquid/liquid interface; contact line pinning of rough nanoparticles; Figures S6--S9 ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03291/suppl_file/nn0c03291_si_001.pdf))
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